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Resumen

Se intercambié con Ni** una serie de mordenitas con la relacién molar (RM) SiO,/Al,O5 de 13, 20 y 90. Las
muestras se caracterizaron por DRX, EDE, ERD y MET. Los espectros de UV-Vis de todas las muestras son tipicos
para iones coordinados octaédricamente con moléculas de agua de Ni(HzO)?. En el rango de UV, las muestras
con RM de 20 y 90 mostraron la absorcién a 250-300 nm efecto de la deshidratacién parcial de iones Ni** y su
coordinacién con O?~ de la matriz zeolitica. Se reveld que las especies de Ni formadas en la muestra etiquetada
como NiNaMor13 con la RM baja estan débilmente ligadas a la estructura de mordenita; como una consecuencia se
observa una alta actividad catalitica en la reducciéon de NO. La transformacién sencilla de la reduccién-oxidacién
de tales especies causa la activacion de la pir6lisis de propeno con la formacién de nanoestructuras de carbono.

Palabras clave: Ni-mordenita, relacion molar SiO,/Al,O3, nanotubos de carbdn, reduccion de NO, UV-Vis.

Abstract

Mordenites with SiO,/Al,03 molar ratio (MR) of 13, 20 and 90 were exchanged with a Ni?*. The samples
were characterized by XRD, EDS, DRS and TEM. UV-Vis spectra of all Ni-exchanged samples were typical for
a Ni(HZO)é+ ions octahedrally coordinated by water molecules. In the UV range, samples with MR of 20 and 90
showed absorption around 250-300 nm due to partial dehydration on Ni?* ions and their coordination with 0>~ of
the zeolite framework. It was revealed that Ni species formed on mordenite NiNaMor13 with low molar ratio are
weakly bound to the mordenite framework; as a consequence, high catalytic activity in NO reduction is observed.
Easy red-ox transformation of such a species results in the activation of propene pyrolysis with formation of carbon
nanostructures.

Keywords: Ni-mordenite, Si0O,/Al,03 molar ratio, carbon nanotubes, NO reduction, UV-Vis.

1 Introduction the effective control of NO emission Hu et al., (2009),
Johnson (2009). Between other materials, metal-

i i vl . :
Selective catalytic reduction (SCR) of NO by modified zeolites are extensively studied as catalysts

hydrocarbons is one of the most powerful methods for
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for this process Rebrov et al. (1999), Rebrov et al.
(2000), Yahiro and Iwamoto (2001). The metals most
frequently used for zeolite modification are Co, Fe,
and Cu Parvulescu et al. (1998). Zeolites exchanged
with Ni are less studied in this reaction.

There are the different methods of metal
incorporation into zeolite frameworks, such as
traditional wet impregnation or more complicated ion
exchange techniques Martinez and Corma (2011). Itis
known that the highest content of metals was achieved
by solid state ion exchange of protonic zeolites with
metal chloride precursors Sazonova et al. (1997),
Abu-Zied et al. (2008).

There are more than 200 zeolite types with
different structure of channels and cavities Baerlocher
et al. (2007). The most applicable zeolites for SCR
of NO are ZSM-5, Y, Beta, and Mordenite. It was
shown that the SiO2/A1203 molar ratio (MR) is one
of the important parameters managing acidity, ion-
exchange capacity, and metal coordination in zeolites
Bogdanchikova (1999), Bogdanchikova (2000), Gurin
(2002), Gurin (2005).

The aim of the present work was to study influence
of MR on the formation of different Ni species in
mordenite, and evaluation of their catalytic activity in
SCR of NO in the presence of propene and CO.

2 Experimental

2.1 Catalyst preparation

Mordenites with SiO,/Al,O3 molar ratio of 13, 20
and 90 in sodium, ammonium and proton forms,
respectively, were supplied by Zeolist International.
Ni was incorporated by liquid phase ion exchange of
zeolites using an aqueous solution of Ni(NO3), at 60
°C under continuous stirring for 24 h. Subsequently,
the zeolites were washed thoroughly with deionized
water and dried at 110 °C overnight. Through the text
and figures samples are denoted as “Ni” if materials
were exchanged, followed by exchangeable cations
(Na, NHy, H) and “Mor” for mordenite, finished
with value of SiO,/Al,0O3; molar ratio; for example
NiNaMorl13.

2.2 Catalyst characterization

The crystallinity of samples before and after ion
exchange was tested by XRD measurements using
Philips X’ Pert diffractometer with Cu K, radiation. To

evaluate electronic state of Ni species UV-Vis diffuse
reflectance spectra were recorded by a Varian Cary
300 spectrophotometer equipped with an integrated
sphere assembly. The spectra were recorded at room
temperature using Teflon (HALON) as reference and
plotted in terms of absorption. In order to show
clearly a presence of nickel species, the spectra of
Ni exchanged zeolites presented below were obtained
by subtraction of spectrum of corresponding zeolite.
The nickel content was measured by energy dispersive
spectroscopy (EDS) on a JEOL 5300 Scanning
Electron Microscope.

The catalytic activity of the samples in NO
reduction in the presence of CO, propene and oxygen
was studied in a continuous flow reactor with fixed
bed of a catalyst. The mixture (NO-0.09 vol%, CsHg
- 0.22 vol.%, CO - 1.18 vol.%, O, - 0.46 vol.%, N,
- balance) flow was 55 mL/min. 0.1 g of catalyst
as a fine powder was supported on quartz wool.
The activity characterized by light-off curves of NO
conversion vs temperature was measured within 30-
550°C temperature interval with a heating ramp of
1 °C/min. Before contact with the reaction mixture
samples were pretreated in situ in oxygen within 25-
500°C temperature range with a ramp rate of 10
oC/min. NO and NO, content was monitored by
means of AO2000 gas analyzer.

The high resolution transmission electron
microscopy (HRTEM) images of the samples after
the catalytic tests were carried out in a FEI Tecnai F30
transmission electron microscope.

3 Results and discussion

The chemical composition of the samples is presented
in the Table 1. Ni content obtained experimentally
was compared with theoretical exchange capacity
of the mordenite samples, taking into account
their MR value. It means, that as each atom
of Al isomorphously substituting Si atom in
zeolite framework generate one negatively charged
tetrahedra, which have to be equilibrated by positively
charged ion. Starting zeolites materials studied in
this paper were equilibrated by sodium, ammonium
and proton cations. In addition, applied zeolites
are characterized with different SiO,/Al,O3; molar
ratio, that is, with different amount of cations to be
exchanged. Therefore, amounts of NiZ* substituted
cations in elementary cells of Morl3, Mor20, and
Mor90 has to be different.
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Table 1. Chemical composition and percentage of Ni exchange in the prepared Ni-mordenite samples.

Sample SiOy/ALLO5  Ni/Al“ Ni Theoretic formula Estimated Ni exchange
(wt.%) loading® for 100% Ni exchange formula® (%) degree”
NiNaMOR 13 0.3 1.87 Ni3.2A16.4Si41_6096 Nio.GNa5.2A16.4 18.8
Sig1.6096
NiNH;MOR 20 0.21 0.9 Nis 2 Aly 4Sis3.6096 Nig29(NHy)3 8 13.2
Aly 4514360096
NiHMOR 90 0.44 0.44 Nig 5AlSiz7Ogg Nig.14Hg § A1Si47096 28

“From EDS data

bPercentage of Ni exchange was estimated as a ratio of observed Ni content and theoretical value of accessible
exchange sites, taking into account that each Ni** cation can exchange 2 Na* cations.

Indeed, NiNaMorl3 is characterized with higher
content of Ni than two other samples (NiNH4Mor20
and NiHMor90). Therefore, increasing of MR
decreases the amount of exchanged Ni. The
variation of percent of Ni exchange degree and
the lowest observed value for NiMor20 probably is
due to difference in cation selectivity for Ni>* —
Na*, Ni** — NH;r and NiZ* — H* equilibria,
complicated by MR dependence. But detailed study of
thermodynamic of ion exchange of nickel as a function
of exchangeable cations and molar ratio in this set of
samples is out of scope of present work.

XRD analysis of catalysts was carried out
to confirm stability of the zeolites in initial,
exchanged, and spent materials. All samples before
and after treatments showed patterns typical for
mordenite structure. As an example, Fig. 1 shows
the diffraction patterns of starting NaMorl3 and
exchanged NiNaMorl3 samples. No change in the
structure and crystallinity of samples was observed
after ion exchange. Therefore, one can conclude
that no distortion of the mordenite structure during
exchange treatment at slightly elevated temperature
was observed.

In the UV-Vis spectra of dried Ni-exchanged
samples a band at 390-400 nm and a doublet with
a maxima at 650 and 720 nm were observed (see
Fig. 2), those are representative for Ni** ions in an
octahedral oxygen environment, typically Ni(HZO)é’r
due to a transition A, — Ty, Lever (1984). Also,
spectra of NiNHs;Mor20 and NiHMor90 showed
absorption around 250-300 nm that can be due to
partial dehydration on Ni?* ions and their coordination
with 0%~ of zeolite framework, forming in this way the
electron donor-acceptor complex. Therefore, a band of
charge-transfer complex can be expected in this region
Lever (1984). In contrast, the NiNaMorl3 sample
shows no absorbance in the ultraviolet region (4 ~

200-350 nm) unlike the other two samples. From this
observation, one can deduce that in NiNH;Mor20 and
NiHMor90 samples nickel species are more strongly
linked to the zeolite lattice, in contrary to those in
NiNaMor13.

The curves of NO conversion on prepared catalysts
are presented in the Fig. 3. NiHMor90 sample shows
low activity within studied temperature interval. The
value of NO conversion does not exceed 3%.

Catalytic activity of other two samples up to the
temperature of 350 oC is also low and comparable
to each other. However, further temperature increase
leads to drastic increment of catalytic activity only
for NiNaMorl3 sample up to 100%. The catalytic
activity for NiNHsMor20 sample with increasing of
temperature first drops down and than increased, but
only up to 8 % at 530 °C.

(202)

(200)

{350)

Counts (a. u.)

—

1'3 EIS 8 1IO 1'3 1|5 1'8 2|0 2'3 2|5 2'8 3|0 3'3
20
Fig. 1. Diffraction patterns of NaMorl3 (a) and
NiNaMor13 (b) samples before catalytic test.
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Fig. 2. Diffuse reflectance spectra of Ni/NH4;Mor20
(a), Ni/NaMor13 (b) and Ni/HMor90 (c) catalysts.
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Fig. 3. NO conversion vs temperature on Ni/NaMor13
(a), Ni/NH4Mor20 (b) and NiHMor90 (c) catalysts.

The similar performance of NiNH4Mor20 and
NiHMor90 catalysts seems to be due to partial thermal
transformation of ammonium mordenite into protonic
form that is carried out at temperatures higher than 350
°C.

Similar tendencies were observed by Mosqueda-
Jiménez et al. (2003) for Ni catalysts supported
on mordenite in sodium and protonic forms. They
found that the catalytic activity in the SCR of NO
with propene and propane was higher for the sodium
form of the zeolite. The activity of samples in
NO reduction with propene seems to be decreased
with increasing of concentration of acid sites due
to propene oligomerization and coking Vergne et al.
(1998). The later causes blocking of active sites and
pores Satsuma et al. (1995).

Fig. 4. TEM micrographs of the spent NiNaMorl3
catalyst.

Indeed, analysis of spent catalysts by TEM
reveals carbon deposit formation on the surface
of NiNaMorl3 catalyst (see Fig. 4). Formation
of carbon nanotubes containing encapsulated nickel
species (marked with white arrows) is observed. Such
structures are well known to be formed during the
pyrolysis of hydrocarbons over Ni metal particles
Komova et al. (2007), Ying et al. (2011). The
process of nanotube formation include adsorption
of hydrocarbon over Ni surface, decomposition of
hydrocarbon with formation of carbon atoms, their
diffusion through Ni particles with final assembly of
carbon nanotubes on the bottom position of nickel
particles Liu et al. (2005). Isotropic carbon diffusion
leads to partial Ni particles encapsulation MacKenzie
et al. (2010). The shape of the carbon shows that
it was formed by jumping of the metal tip at regular
time intervals over similar distances (Fig. 4). This
effect was explained by supposing that the metal is
in a quasi-liquid state with high surface energy and
poor wetting ability towards graphite carbon Li et al.
(1999) and that the compartments on the inside of the
nanotubes might be a kind of mark of the periodic
condensation of graphite layers through the catalyst
metal Woo Lee et al. (2004) (Fig. 3c). Fig. 3a shows
amorphous carbon encapsulated particle (marked with
black arrow), which suggests a large growth rates of
carbon nanospecies Merkulov et al. (2005).
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Fig. 5. TEM micrographs of the spent NiNHsMor20
catalyst.

TEM images of NiNHsMor20 catalyst (Fig. 5),
unlike the sample NiNaMORI13, do not shown
formation of any carbon nanostructures. Only smaller
dark Ni particles (marked with white arrows) are
observed. No carbon nanostructures development is
observed on the smaller Ni particles.

The results show that the high catalytic activity
was found for NiNaMorl3 sample only, which is
also characterized with carbon nanotube formation.
These two facts could be related with the nature of
nickel species stabilized in mordenite framework of
NiNaMorl13 catalyst. The decrease of SiO,/Al,03
ratio leads to the increase of amount of exchangeable
sites (Al-O-(Si-O)y-Al, with N < 3), that is reflected
in the increase of Ni exchanged in a NaMor13 sample.
However, not only amount of nickel but the strength
of Ni interaction with the silica-alumina structure
depends on the arrangement of Al-centered tetrahedra
in framework Bogdanchikova et al (2000).

Only NiNaMor13 sample is characterized with the
presence of Ni species weakly bonded with zeolite
framework according to the UV-Vis spectra. The
easiness of red-ox transformations of Ni species is
directly related with catalytic activity in de-NOx
process, as it was shown by Garbowski ef al. (1983).
In contrary with NiNaMorl3 catalyst other two
samples manifest strong metal-support interaction by
appearance of the charge transfer absorption band
in UV-Vis spectra (Fig. 2). Strong interaction with
zeolite matrix leads to the difficulties in red-ox

transformation of nickel species and as a consequence
to the decrease of the activity in NO reduction.

On the other hand, easiness of red-ox
transformation of Ni species can provoke easy
formation of Ni metal particles in the presence of
such reducing agents as CO and propene in the
reaction mixture, which is crucial for the formation
and growth of carbon nanotubes Li et al. (1999),
Height ef al. (2005), Liu et al. (2005), MacKenzie et
al (2010). Both propene and CO could be considered
as precursors for carbon nanotube formation.

For the samples characterized with high strength
of Ni-mordenite interaction the formation of carbon
nanotubes is not observed. Fig. 5 demonstrates only
small Ni particles on the surface of NiNH4Mor20,
without any detectable carbon nanostructures.

On the other hand, formed carbon nanotubes
could act as active centers, thus allowing the NO
reduction to continue at high temperatures Serp et
al. (2003). As can be seen from the TEM images
(Fig. 4), carbon nanostructures are characterized with
a presence of structural defects on their external walls.
These defects can serve both as centers for adsorption
of reaction mixture components and as reducing
reactant. Note that sharp increase in catalytic activity
of NiNaMor13 sample begins at the high temperature,
characteristic for carbon nanotubes formation over
Ni metal particles due to pyrolysis of hydrocarbons
Esconjauregui et al. (2009).

Conclusions

It was shown that SiO,/Al, O3 molar ratio is important
parameter influencing the interaction of Ni species
with mordenite framework. Ni species formed on
mordenite NiNaMorl3 with low molar ratio are
characterized with low strengths of metal-support
interaction, as a consequence high catalytic activity
in NO reduction. In the same time easy red-
ox transformation of such a species results in the
formation of carbon nanostructures, those can be
responsible for catalytic activity improvement as well.
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